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The placental trophoblastic epithelium functions to transport nutrients needed by the fetus, including calcium, which is
required in the greatest amounts during the last third of pregnancy when the majority of fetal skeletal mineralization occurs.
The mechanism of placental calcium transport and the developmental changes in the trophoblast that facilitate this process
are currently incompletely understood. We have previously identified a 57-kDa, Ca21-binding protein (CaBP) functionally
mplicated in placental calcium transport and trophoblast differentiation. In this study we have directly examined the role
f CaBP in these processes by (1) recombinantly overexpressing CaBP in an inducible manner and (2) downregulating CaBP
xpression using antisense technology, using the rat choriocarcinoma cell line Rcho-1 as a trophoblastic cell model system.
ur results show that overexpression of CaBP stimulates both cellular calcium uptake and vectorial calcium transport
ctivities in Rcho-1 cells. Those cells stably expressing CaBP also exhibit higher levels of steady-state intracellular calcium
nd enhanced calcium-buffering ability. In addition, prolonged overexpression of CaBP in Rcho-1 cultures promotes
rophoblast differentiation. Conversely, downregulation of CaBP expression had a negative effect on calcium uptake,
alcium transport, and trophoblast differentiation in Rcho-1 cells. These data indicate that CaBP plays a direct role in
lacental calcium transport, functioning both as an intracellular calcium buffer and as a shuttle. These results also support
more direct role for CaBP in the trophoblast differentiation pathway. © 1999 Academic Press
Key Words: Ca21-binding protein; placenta; calcium transport; trophoblast; differentiation; Rcho-1 cells; overexpression;ntisense.
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cINTRODUCTION
A number of placenta-specific cytosolic calcium binding
proteins have been identified. They include calbindin D9k
(Mathieu et al., 1989), oncomodulin (MacManus et al.,
1985), S100-P (Emoto et al., 1992), and a high-molecular-
weight (Mr 5 57 kDa) Ca21-binding protein (CaBP). This
igh-Mr CaBP previously identified in our laboratory has
been found in both human and rodent placentae and is
localized solely to trophoblastic cells (Tuan and Ca-
vanaugh, 1985; Tuan, 1985; Tuan et al., 1988; Lin et al.,
997). Trophoblast cells perform numerous specialized
unctions, including the formation of a barrier between
other and fetus, across which the required nutrients of the
1 To whom correspondence should be addressed at the Depart-
ment of Orthopaedic Surgery, Thomas Jefferson University, 10151
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All rights of reproduction in any form reserved.etus must be translocated. CaBP was also shown to be
xpressed as a function of gestation and is thought to be
unctionally involved in placental calcium uptake (Tuan,
985; Hershberger and Tuan, 1998). The evidence thus far
mplicates CaBP as being involved in trophoblastic calcium
ransport across the placenta. However, the exact mecha-
isms of placental calcium transport are unknown.
Calcium transport by placental trophoblasts takes place
n an active manner against a gradient as the calcium
oncentration in the fetal circulation is considerably higher
han that of the mother (Pitkin, 1985; Care, 1991), espe-
ially late in gestation when the need for calcium is
reatest. For example, the last 5 days of pregnancy in the rat
ccount for 79% of fetal calcium deposition (Mathieu et al.,
989). The majority of flux is unidirectional and the cal-
ium transporting system is activated from day 15 to day
8, which coincides with the timing of fetal skeletal min-
ralization in the rat (Glazier et al., 1992; Sibley, 1994).
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108 Hershberger and TuanThere are at least three mechanistic components that
make up the calcium transport machinery in the placental
trophoblast: (1) calcium influx from maternal plasma across
the maternal facing or microvillus plasma membrane into
the trophoblastic cytosol, (2) calcium translocation across
the cytosol of the trophoblast cell, and (3) calcium efflux
from cytosol across the fetal facing or basal plasma mem-
brane and entry into the fetal circulation. For calcium
influx, there is evidence against an active pump, and it is
suggested to be more likely a facilitated diffusion process
and not a calcium channel or pore (Kamath et al., 1992).
The most specific evidence thus far suggests a H1/Ca21
exchange mechanism in studies that show calcium trans-
port across the microvillus plasma membrane to be highly
sensitive to pH gradients (Brunette et al., 1992; Greer et al.,
1994). The mechanism of calcium efflux is more well
defined. The presence of a high-affinity Ca21-ATPase has
een reported in the placenta and localized to the fetal-
acing plasma membrane of trophoblasts in the human
Fisher et al., 1987), sheep (Morgan et al., 1997), rat (Glazier
t al., 1992), and mouse (Tuan and Bigioni, 1990). In the
rocess of calcium translocation across the cell, the tropho-
last must maintain cytosolic free Ca21 concentrations in
the submicromolar range, several orders of magnitude
lower than extracellular calcium (Kamath et al., 1992).
Therefore a buffering system is required, perhaps involving
one or more of several cytosolic calcium-binding proteins
found in the placenta.
Our laboratory has been investigating transplacental cal-
cium transport using the high-Mr CaBP as a functional
molecular marker. Our recent work has included the clon-
ing of a full-length mouse placental CaBP cDNA and the
finding that CaBP expression in the placenta increases as a
function of gestation as well as throughout the process of
trophoblast differentiation (Hershberger and Tuan, 1998).
We have also established the rat choriocarcinoma Rcho-1
cell line, previously shown to be a useful model for studying
the differentiation of trophoblast cells (Faria and Soares,
1991; Hamlin et al., 1994), as a valid model for the study of
trophoblast calcium transport. In the present study, to
further analyze the functional role(s) of CaBP we have used
the Rcho-1 trophoblastic cell model system to study the
effects of overexpression and downregulation of CaBP on
the processes of both trophoblast differentiation and tro-
phoblast calcium transport. Our results indicate that over-
expression of CaBP affects cellular calcium handling by
stimulating both cellular calcium uptake and vectorial
calcium transport and by altering intracellular calcium
homeostasis. In addition, prolonged elevation of CaBP ex-
pression promotes trophoblast differentiation. Conversely,
antisense-mediated downregulation of CaBP decreases cel-
lular calcium uptake and transport activities and negatively
affects trophoblast differentiation. Collectively, these re-
sults demonstrate the direct involvement of CaBP in pla-
cental calcium transport and its possible role in trophoblast
differentiation.
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Cell Culture, Differentiation, and
Oligodeoxynucleotide (ODN) Treatment
Rcho-1 cells, kindly provided by Dr. Michael Soares (University
of Kansas), were maintained in NCTC-135 medium (Sigma, St.
Louis, MO), pH 7.2–7.4, containing 20% heat-inactivated, fetal
bovine serum (Atlanta Biological, Atlanta, GA), 50 mM
2-mercaptoethanol (Sigma), and 1 mM sodium pyruvate (Sigma)
(Faria and Soares, 1991). For routine passage, cells were split in a 1:6
dilution when confluent by standard trypsin–EDTA treatment. To
promote differentiation, the cells were shifted at confluence to
medium containing 10% horse serum (Sigma) in place of the 20%
fetal bovine serum and cultured for 7–14 days. For ODN treatment,
cells were dosed every 24 h on the specified days with phosphoro-
thioated 22-mer antisense, sense, or scrambled ODN (7 nmol/ml;
Oligos, Etc., Wilsonville, OR). Oligonucleotides were designed
against the 59 end sequence of the CaBP cDNA (antisense, 59-
TTTATCCTTCTCCAGGTCCCCG-39; sense, 59-CGGGGACCT-
GGAGAAGGATAAA-39; scrambled, 59-ATTACTCGCCTCGC-
CTTTCTCG-39). After treatment, cells were removed from the
plate, pelleted by centrifugation, and stored at 270°C for isolation
of RNA or protein.
RNA Isolation and Northern Blotting
Total RNA was isolated using TRI Reagent (Sigma), followed by
chloroform extraction and isopropanol precipitation. For Northern
blotting, RNA was glyoxylated and then fractionated in 1% agarose
gel containing 10 mM sodium phosphate, pH 7.0. After electro-
phoresis, RNA was capillary blotted and UV crosslinked onto
nylon membrane. The blots were processed for prehybridization
and hybridization in 1 mM sodium phosphate, pH 7.0, 1% bovine
serum albumin, and 5% sodium dodecyl sulfate (SDS) at 65°C. The
probes used included mouse CaBP cDNA (Tuan and Kirwin, 1988),
rat placental lactogen-I (rPL-I) (Dai et al., 1996; kindly provided by
Dr. Michael Soares), and glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH) (Clontech, Palo Alto, CA), which were 32P-
radiolabeled (NEN/Du Pont, Boston, MA) by random-priming
(Megaprime labeling kit; Amersham, Arlington Heights, IL). After
hybridization for 48 h, the blots were washed at 65°C in the
presence of 40 mM sodium phosphate buffer with 1% SDS and
autoradiographed at 270°C. The intensity of signal was determined
by scanning densitometry (GS 300 Densitometer; Hoefer Scientific
Instruments, San Francisco, CA). All signals were corrected for
mRNA loading by comparison to the constitutively expressed
mRNA of G3PDH.
Protein Extraction and Western Blotting
Protein extraction was carried out as described in Harlow and
Lane (1988). Protein concentration was determined by the Pierce
BCA assay (Pierce, Rockford, IL). Thirty micrograms of Rcho-1 cell
protein per sample was fractionated by standard Tris/glycine SDS–
polyacrylamide gel electrophoresis and then electrotransferred to a
nitrocellulose membrane. Nonspecific binding was blocked by 5%
bovine serum albumin in 1% Triton X-100 Tris-buffered saline, and
the membranes were then incubated sequentially with primary
antibodies (rabbit anti-CaBP antibody, 1:1000; Tuan and Ca-
vanaugh, 1986), biotin-labeled anti-rabbit secondary antibodies,
and streptavidin-labeled alkaline phosphatase and then developed
s of reproduction in any form reserved.
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109Function of Placental Ca21-Binding Proteinwith 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazo-
lium (Zymed, San Francisco, CA). Gestation day 14.5 mouse
placental extract was used as a positive control for CaBP. Immu-
noreactive components were shown as purple bands on the blot.
Signals were quantified by reflectance scanning densitometry.
Immunofluorescence
Cells were cultured in four-well chamber slides (Nunc, Naper-
ville, IL) and fixed with 4% paraformaldehyde. Cells were then
permeabilized with 20 mM Hepes, pH 7.4, containing 0.3 M
sucrose, 50 mM NaCl, 3 mM MgCl2, and 0.5% Triton X-100 for 5
min at room temperature. In order to reduce nonspecific binding,
cells were incubated with 10% nonimmune goat serum for 1 h at
room temperature. Cells treated with rhodamine 59-end-labeled
antisense ODNs were stained for cytokeratin or CaBP by incuba-
tion with mouse anti-cytokeratin antibodies (1:400; Sigma) or
rabbit anti-CaBP antibodies (1:50), respectively, for 30 min at 37°C
followed by incubation with the corresponding fluorescein isothio-
cyanate (FITC)-conjugated IgG antibodies (1:80; Cappel, Organon
Teknika Corp., Durham, NC) for 30 min at room temperature.
Stably transfected cells were immunostained for CaBP as stated
above, followed by incubation with FITC-conjugated anti-rabbit
IgG antibodies (1:80). Nonimmune antibodies were used instead of
anti-CaBP and/or anti-cytokeratin antibodies as controls.
Overexpression of CaBP
The HindIII–XhoI restriction fragment of full-length CaBP
cDNA in pBluescript (Stratagene, La Jolla, CA) (Hershberger and
Tuan, 1998) was isolated and directionally subcloned into the
pIND eukaryotic expression vector designed for use with the
Ecdysone-Inducible Expression Kit (No et al., 1996; Invitrogen, San
iego, CA). The CaBP expression construct (pIND-CaBP) was then
ransfected into Rcho-1 cells using Superfect Transfection Reagent
Qiagen, Valencia, CA). Briefly, 2 3 105 cells were seeded in 60-mm
ishes containing NCTC-135 medium and allowed to grow for
4 h. Cells were then incubated for 2–3 h with transfection
omplexes containing 5 mg each of pIND-CaBP and pVgRXR DNA
lus 20 ml Superfect Transfection Reagent. Following incubation,
the cells were rinsed and transferred to normal growth medium.
Stable transfectants were dual-selected by addition of G418 (250
mg/ml) and Zeocin (100 mg/ml) to the standard growth medium 48 h
after transfection and continued for 2 weeks at which time stable
clones were picked and grown in selective media. CaBP expression
was induced in stable transfectants by the addition of 1 mM
uristerone A (Invitrogen) for 20 h unless otherwise noted.
Calcium Uptake
This assay measured the rate of cellular accumulation of cal-
cium, i.e., the difference between calcium entry and exit (Tuan et
l., 1991; Akins and Tuan, 1993; Lin et al., 1997; Hershberger and
uan, 1998). Cultured Rcho-1 cells grown on six-well plates were
rst rinsed with Ca/Mg-free Hanks’ Balanced Salt Solution (HBSS;
ibco BRL). The cells were then incubated with prewarmed (37°C)
CTC-135 medium containing 1.8 mM CaCl2 and 45Ca tracer
(NEN/Du Pont). At 1, 2, 3, 4, 5, and 6 min of incubation, cells were
immediately rinsed three times in cold phosphate-buffered saline
(4°C) and lysed in 1% Triton X-100. Aliquots of the cell lysate were
then used for protein determination by BCA assay (Pierce) and for
45Ca determination by scintillation counting. All uptake activities
Copyright © 1999 by Academic Press. All rightare calculated as nmol Ca/min/mg protein and corrected for the
nonspecific value at time zero.
Calcium Transport
This assay directly measured the movement of calcium from the
apical to the basolateral side of the cells, thus corresponding to
calcium exit (Lin et al., 1997; Hershberger and Tuan, 1998). Cells
were grown on Costar (Cambridge, MA) Transwell inserts (1-cm2
growth area; Transwell-Clear), which were placed into a 12-well
plate, setting up a lower and an upper chamber. Both chambers
contained NCTC-135 medium containing 1.8 mM CaCl2. After the
addition of 45Ca tracer (1.2 mCi/ml; NEN/DuPont) and [3H]inulin
0.5 mCi/ml) to the upper chamber, a 70-ml aliquot was sampled at
1-min intervals up to 6 min, from the lower chamber for scintilla-
tion counting to measure downward calcium flux. Cells were then
lysed in 1% Triton X-100 and the cell lysate was aliquoted for
protein determination by BCA assay (Pierce). (Note. Rcho-1 cells
grew in clusters, becoming confluent after 3 to 5 days in culture to
completely cover the substratum surface. However, due to the
mixed nature of the cells, a true, “tight” epithelium was unlikely
to be formed.) Since [3H]inulin is not permeable to the cells, the
3H]inulin data were used to correct for the paracellular or nonspe-
ific transcellular calcium movement. The normalized data were
resented as the rate of calcium transport (nmol Ca/min/cm2/mg
protein) and corrected for the nonspecific value at time zero.
Fura-2 Ratiometric Microfluorimetry for
Intracellular Calcium
The Fura-2 method for intracellular calcium ([Ca21]i) quantita-
tion as described by Tsien et al. (1982) was used. Cells were grown
n a round coverslip (No. 1) inside a six-well plate for 2–7 days.
overslips were then rinsed with HBSS, and 5 mM Fura-2/AM
Molecular Probes, Eugene, OR) was loaded into the cells as
escribed previously (Loredo et al., 1997). Cells were incubated for
45 min at room temperature protected from light. After a rinse with
Ca/Mg-free HBSS, the coverslip was transferred to a Leiden cover-
slip dish (Medical Systems Corp., Greenvale, NY) to allow easy
access for buffer exchange (Lin et al., 1997). Cells were incubated
with Ca/Mg-free HBSS for 15 min at room temperature, and
baseline [Ca21]i levels were recorded followed by addition of 1 mM
aCl2. Cells examined for steady-state [Ca21]i levels were rinsed
ith HBSS containing 1 mM CaCl2 and immediately assayed
following the loading procedure. Cytosolic [Ca21]i in single cells
was estimated using a DeltaRAM calcium imaging system (Photon
Technology International, South Brunswick, NJ) connected to a
Leitz Fluovert inverted microscope. The ratio (R) of the emission
intensity upon excitation at 350 nm to that of 380 nm, which
correlates to cytosolic calcium ([Ca21]i), was measured as a function
f time for up to 10 min.
Statistics
All data were analyzed using the Primer of Biostatistics com-
puter program (Glantz, 1992). For calcium uptake, data were
analyzed using linear regression and correlation, followed by t test,
n which t 5 difference of slope/difference of standard error of
slope, and the degree of freedom equals (n1 1 n2) 2 4, where n1, n2
represent the number of sampled time points in each group used for
analysis.
s of reproduction in any form reserved.
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110 Hershberger and TuanRESULTS
Induction of CaBP Overexpression in Stably
Transfected Rcho-1 Cells
In order to examine the effects of CaBP overexpression in
trophoblast cells, the Rcho-1 cell line was stably transfected
with an inducible construct containing the full-length
CaBP cDNA. This construct was stably introduced into
Rcho-1 cells by cotransfection with pVgRXR using the
Ecdysone-Inducible Expression Kit, followed by selection
for G418 and Zeocin resistance. Several stable cell lines
were established in this manner and then dosed with
muristerone A to induce overexpression of CaBP. Northern
analysis showed that the level of CaBP mRNA expression
FIG. 1. Induced overexpression of CaBP in Rcho-1 cells stably
transfected with inducible CaBP-expression construct. Northern
analysis (A) shows a fivefold increase in CaBP mRNA, relative to
that of G3PDH, in Rcho-1 cells stably transfected with the pIND-
CaBP construct and induced with muristerone, compared to con-
trol untransfected cells. A concomitant increase in CaBP protein
levels was also detected by Western blotting (B).was increased fivefold in induced stable transfectants com-
pared to control untransfected cells (Fig. 1A). Western
Copyright © 1999 by Academic Press. All rightnalysis showed a concomitant increase in stable transfec-
ant CaBP protein levels (Fig. 1B). The increase in CaBP
xpression was also confirmed by immunohistochemistry
Fig. 2), in which a higher level of cytoplasmic staining was
een in the induced stable transfectant cultures (Fig. 2D)
ompared to control cultures, in which staining was signifi-
antly lighter (Fig. 2B). Uninduced stable transfectants also
xhibited a slight increase in CaBP expression levels over
ntransfected control cells; however, this increase was
everal fold less than that of induced stably transfected cells
data not shown).
Sustained Overexpression of CaBP Expression
Promotes Trophoblast Differentiation
We have recently shown that upregulation of CaBP ex-
pression accompanies trophoblast differentiation (Hersh-
berger and Tuan, 1998). To investigate whether CaBP ex-
pression regulates trophoblast differentiation, stably
transfected Rcho-1 cells were induced with muristerone A
every 24 h for 7 days and examined. Immunohistochemical
staining for CaBP showed that the cell cultures overexpress-
ing CaBP (Fig. 3B) contained more and larger groups of
differentiated giant trophoblast cells than control untrans-
fected cultures that were propagated in parallel (Fig. 3A).
Northern analysis shows a twofold increase in the mRNA
expression of the differentiation marker rPL-1 in induced
stably transfected cells compared to uninduced control cells
(Fig. 3C).
Overexpression of CaBP Stimulates Cellular
Calcium Uptake and Transcellular
Calcium Transport
Next we used the Rcho-1 cell line as an in vitro model to
xamine the effect of CaBP overexpression on trophoblast
ellular calcium handling. Using the 45Ca uptake assay to
measure the net cellular calcium influx, cells induced to
overexpress CaBP were observed to exhibit a significant
increase in calcium uptake activity versus control untrans-
fected cells (Fig. 4A). The rate of net cellular calcium uptake
for cells overexpressing CaBP was 0.52 nmol Ca/min/mg
and for control cells, 0.27 nmol Ca/min/mg. Using the
calcium transport assay to directly measure the movement
of calcium from the apical to the basolateral side of the
cells, induced transfected cells were observed to also ex-
hibit a significantly higher calcium transport activity ver-
sus untransfected cells (Fig. 4B). The rate of net cellular
calcium transport for cells overexpressing CaBP was 23.90
nmol Ca/min/mg versus 6.03 for cells expressing normal
levels of CaBP.
Overexpression of CaBP Alters [Ca21]i Profile
in Rcho-1 CellsThe effect of elevated CaBP levels on the ability of Rcho-1
cells to regulate [Ca21]i was examined using single-cell
s of reproduction in any form reserved.
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111Function of Placental Ca21-Binding ProteinFura-2 ratiometric microspectrofluorimetry (Fig. 5). Cells
expressing higher levels of CaBP exhibit a higher level of
steady state [Ca21]i compared to control cells (Fig. 5A).
Upon depletion of extracellular calcium followed by perfu-
sion with 1 mM CaCl2, the [Ca21]i in the CaBP-
verexpressing stable transfectants increased in a slow and
radual manner, whereas control untransfected cells
howed an expected rapid surge in [Ca21]i that slowly
ecreased, eventually reaching a plateau (Fig. 5B).
Downregulation of CaBP Expression Negatively
Affects Trophoblast Differentiation
The Rcho-1 cell line was also used as an in vitro model to
xamine the effect of antisense ODN-mediated downregu-
ation of CaBP on trophoblast differentiation. Rcho-1 cells
an be induced to differentiate in vitro into trophoblast-like
iant cells (Faria and Soares, 1991; Hamlin et al., 1994).
ndifferentiated Rcho-1 cultures consist of a mixture of
oth proliferating small stem cells and large trophoblast
iant cells, whereas large trophoblast giant cells predomi-
ate in cultures that have undergone differentiation (Faria
FIG. 2. Immunohistochemical detection of CaBP overexpression
antibodies to CaBP (B, D); controls minus antibodies (A, C). (A, B)
higher level of staining seen in the transfected cells (D). Bar, 50 mmnd Soares, 1991; Shida et al., 1993; Hamlin et al., 1994). An
increase in cell size and cell adhesion are early changes in
d
c
Copyright © 1999 by Academic Press. All righthe Rcho-l cell line differentiation pathway. As differentia-
ion proceeds, the large adherent cells stop proliferating and
ndergo morphological giant cell transformation (Faria and
oares, 1991; Hamlin et al., 1994; Cross et al., 1995).
dditional markers indicative of trophoblast cell differen-
iation include expression of placental lactogen-I (Dai et al.,
996) and the appearance of an elaborate cytokeratin net-
ork (Glasser and Julian, 1986; Hunt et al., 1989).
Rcho-1 cells exhibit a significant increase in CaBP expres-
ion, evident beginning on Day 2 of differentiation and
ontinuing to rise throughout differentiation up to almost
0-fold by Day 14 (Hershberger and Tuan, 1998). Dai et al.
1996) have previously shown that rPL-I also increases
hroughout differentiation of Rcho-1 cells. In the present
tudy, Rcho-1 cells were treated with CaBP-specific anti-
ense, sense, or scrambled ODN (7 nmol/ml) on various
ays under differentiating conditions, and CaBP mRNA
xpression was examined, with rPL-1 and cytokeratin ex-
ression being monitored as markers of differentiation.
ells treated with antisense ODN on Days 5 and 6 and
ssayed on Day 7 of the differentiation program showed a
ignificant decrease in CaBP expression with a concomitant
stably transfected Rcho-1 cells. Cells were immunostained with
ransfected cells; (C, D) induced, stably transfected cells. Note theinecrease in rPL-1 expression, compared to untreated or
ontrol ODN (sense or scrambled)-treated cells (Fig. 6A).
s of reproduction in any form reserved.
R
f
C
m
c
(
B
duced with muristerone for 7 days, compared to control un-
induced cells.
112 Hershberger and Tuan
Copyright © 1999 by Academic Press. All rightHowever, cells treated only after Day 7 of the differentia-
tion program showed no significant change in CaBP and
rPL-1 expression (data not shown). Cells treated beginning
FIG. 4. Effect of CaBP overexpression on Rcho-1 calcium uptake
and transport. Rcho-1 cells overexpressing CaBP showed a signifi-
cant increase in cellular calcium uptake (A, P , 0.005) and
transcellular calcium transport (B, P , 0.001) compared to control,
untransfected Rcho-1 cells.FIG. 3. Effect of CaBP overexpression on differentiation of
cho-1 cells. Untransfected cells (A) and induced stable trans-
ectants (B) were cultured for 7 days and immunostained for
aBP. Note the higher level of CaBP and the presence of nu-
erous giant trophoblasts (arrows) in the stably transfected
ultures (B), compared to the control untransfected cultures
A) in which small undifferentiated stem cells predominate.
ar, 50 mm. Northern analysis (C) shows an increase in
the differentiation marker, rPL-I, in stable transfectants in-
on Day 1 and redosed every 24 h up until Day 7 showed a
decrease in the level of CaBP and rPL-1 expression similar
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightto that of those treated on only Days 5 and 6 (Fig. 6A and
data not shown). Quantitative densitometric analysis con-
firmed a concomitant decrease in CaBP and rPL-1 mRNA
upon treatment of Rcho-1 cells with CaBP-specific anti-
sense ODN. Taken together, these observations suggest that
CaBP expression may be functionally important in the process
of trophoblast differentiation in a temporally specific manner.
Trophoblast cell differentiation in antisense ODN-
treated Rcho-1 cells was also examined by immunohisto-
chemical staining for cytokeratin. To directly correlate
cytokeratin expression with specific cells which had taken
up the antisense oligonucleotides, Rcho-1 cells were treated
using 59-rhodamine-labeled antisense ODN to mark those
which incorporated the ODN. Cells were treated on Days 5
and 6 of the differentiation program and the cytokeratin
staining pattern was examined on Day 7. Cells that incor-
porated CaBP antisense ODN showed a light and diffuse
staining for cytokeratin, whereas antisense negative cells
showed intense and distinct cytokeratin staining, charac-
teristic of differentiated cells (Figs. 6B and 6C).
Downregulation of CaBP Decreases Calcium
Uptake and Calcium Transport in Rcho-1 Cells
Next we examined the effect of CaBP antisense treatment
on Rcho-1 cells in terms of cellular calcium handling. First,
differentiating Rcho-1 cells treated with CaBP antisense
ODN on Days 5 and 6 resulted in a significant decrease in
cellular calcium uptake activity on Day 7 compared to
untreated controls (Fig. 7A). The rate of net cellular calcium
uptake for CaBP antisense ODN-treated cells was 0.16
nmol Ca/min/mg and for control untreated cells, 0.36 nmol
Ca/min/mg (similar profile was also observed for cells
treated with control sense or scrambled ODNs; data not
shown). Second, antisense ODN-treated cells also exhibited
a significantly lower transcellular calcium transport activ-
ity versus untreated cells (Fig. 7B). The rate of net cellular
calcium transport for CaBP antisense-treated cells was 1.11
versus 1.86 nmol Ca/min/mg for untreated controls (similar
profiles were also observed for cells treated with control
sense or scrambled ODNs; data not shown).
DISCUSSION
Overexpression of CaBP Promotes Trophoblast
Differentiation
The trophoblast lineage arises early during placental
development; however, the cellular and molecular mecha-
transfected cells (A). Upon perfusion of 1 mM CaCl2, [Ca21]i in the
aBP-overexpressing stable transfectants increased in a slow and
radual manner, whereas control untransfected cells showed an
xpected rapid surge in [Ca21]i that slowly decreased, eventuallyFIG. 5. Effect of CaBP overexpression on Rcho-1 intracellular
calcium homeostasis. Effect of increased CaBP expression on
[Ca21]i of Rcho-1 cells was measured by Fura-2 ratiometric mi-
crofluorimetry. The temporal profile of changes in [Ca21]i in single
ells was monitored and recorded for steady state (A) as well as
esponse to perfusion of 1 mM CaCl2 (B) in stably transfected and
control cells. [Ca21]i is shown as the ratio (R) of the emission
intensity upon excitation at 350 nm (calcium bound) to that of 380
nm (calcium free). Values represent the averages of at least fiveeaching a plateau (B). The results are from a single experiment and
re representative of over five experiments.
s of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightnisms controlling trophoblast maturation and differentia-
tion are incompletely understood. The Rcho-1 cell line has
recently been shown to be a useful model for studying the
differentiation of trophoblast cells (Faria and Soares, 1991;
Hamlin et al., 1994). Our recent study of the Rcho-1 cells
demonstrates that trophoblast differentiation is also accom-
panied by increased calcium uptake and elevated CaBP
expression (Hershberger and Tuan, 1998), suggesting that
the CaBP may be functionally involved in trophoblast
differentiation.
In the present study, we altered the levels of CaBP
expression and assayed for subsequent effects on tropho-
blast differentiation. Prolonged overexpression of CaBP for
a period of 7 days promoted trophoblast differentiation as
evidenced by the appearance of numerous clusters of mor-
phologically distinct trophoblast giant cells, compared to
control cultures in which the majority of cells remained
undifferentiated stem cells. In addition, prolonged overex-
pression of CaBP resulted in an increase in rPL-I expression,
a marker of differentiation. While it is significant that the
cultures overexpressing CaBP contained many differenti-
ated trophoblast cells, it is important to note that overpro-
duction of CaBP per se did not promote differentiation to
the extent observed when Rcho-1 cells are cultured under
previously documented differentiating conditions (Faria
and Soares, 1991). Rcho-1 cells stably overexpressing CaBP
express higher levels of rPL-I mRNA than control cultures,
but do not express levels as high as those seen in fully
differentiated cultures (Hershberger and Tuan, 1998).
Hence, CaBP expression is likely to be an important mecha-
nistic step in placental cell differentiation, but it is not
sufficient for full completion of this process.
Increased CaBP Expression Results in
Upregulation of Calcium Uptake and Calcium
Transport and Alters the Intracellular
Calcium Profile in Rcho-1 Cells
The regulation and mechanism of placental calcium
transport is currently poorly understood. Despite the docu-
mented presence of multiple Ca21-binding proteins in the
placenta, little or no direct evidence exists specifically
linking any one of them to a functional role in the transport
of calcium across the placenta. In the present study, we
have directly examined the role of the high-Mr CaBP in
placental calcium transport by recombinantly overexpress-
ing and downregulating its expression in the trophoblastic
Rcho-1 cells and examining the effects on calcium uptake,
calcium transport, and intracellular calcium handling.
CaBP-specific antisense ODN showed a disrupted and more diffuse
staining pattern in cells positive for antisense uptake (arrow) versus
the surrounding antisense negative cells. (B and C represent the
same field of differentiated cells viewed with different fluorescenceFIG. 6. Effect of CaBP-specific, antisense ODN treatment on
rophoblastic cell differentiation in Rcho-1 cells. (A) Northern
nalysis shows a decrease in CaBP mRNA expression and rPL-1
RNA expression, a marker of differentiation, in cells treated with
aBP-specific antisense ODN on Days 5–7 and analyzed on Day 7
f the differentiation program. (Bottom) Quantitation of rPL-I and
aBP mRNA, normalized to that of G3PDH and expressed as a
ercentage of control, confirms the inhibitory effect of antisenseoptics in which the ODN-positive cell appears red (B) and cytoker-
atin staining appears green (C)). Bar, 50 mm.
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115Function of Placental Ca21-Binding ProteinInduction of CaBP expression in Rcho-1 cells stably
transfected with an inducible CaBP cDNA expression con-
struct resulted in a fivefold increase in CaBP mRNA and
FIG. 7. Effect of CaBP-specific, antisense ODN treatment on
cho-1 cellular calcium handling. Downregulation of CaBP in
ifferentiating Rcho-1 cells, by means of CaBP antisense ODN
reatment on Days 5 and 6, resulted in a significant decrease on
ay 7 in calcium uptake (A, P , 0.001) and calcium transport (B,
, 0.001) compared to untreated differentiating cells or controls
reated with sense and/or scrambled ODN.protein. Cells expressing this elevated level of CaBP exhib-
ited significantly higher cellular calcium uptake activity
Copyright © 1999 by Academic Press. All rightompared to control untransfected cells. Stably transfected
ells took up calcium at twice the rate of control cells.
here are at least two possible explanations for the effect of
ncreased CaBP levels on calcium uptake, i.e., the higher
evel of CaBP could enhance the buffering capacity of the
ell and/or stimulate the calcium entry mechanism. Even
ore dramatic is the effect of CaBP overexpression on
ranscellular calcium transport. The measured rate of trans-
ort for stably transfected cells was almost four times that
f control cells. This result strongly implicates CaBP as a
huttle for the apical-to-basal transfer of calcium across the
rophoblast cytosol. Additional support for the calcium
uffer role of CaBP was the alteration of intracellular
alcium homeostasis by increased CaBP levels in the trans-
ected cells. Not only did these cells exhibit a higher level of
teady-state [Ca21]i, but they were also able to efficiently
uffer large amounts of incoming calcium in a more stable
nd steady manner compared to control cells. It is impor-
ant to note that the Rcho-1 cells have been reported to
epresent a lineage restricted to giant cells (Faria and Soares,
991), a subpopulation of trophoblasts present in both the
unctional and the labyrinth zones of the rat placenta late in
estation. Our observations thus suggest a possible role for
iant cells, either alone or in concert with other trophoblast
opulations, in calcium transport.
Downregulation of CaBP Expression Negatively
Affects Trophoblast Differentiation
Downregulation of CaBP expression was observed to
interfere with the normal process of trophoblast differentia-
tion. Treatment of Rcho-1 cells with CaBP-specific anti-
sense ODN on Days 5–7 of the normal differentiation
program efficiently reduced CaBP expression, and these
treated cells expressed a lower mRNA level of the differen-
tiation marker rPL-I and exhibited less organized and more
diffuse cytokeratin staining compared to control differenti-
ating cells. It is noteworthy that treatment with antisense
ODN after Day 7 of differentiation produced no significant
changes and also that cells treated from Days 1 to 7 showed
no greater effect than those treated only on Days 5–7. In a
previous study (Hershberger and Tuan, 1998), we have
shown that CaBP expression increases dramatically during
trophoblast differentiation in Rcho-1 cells and that the
major onset of upregulation begins on or about Day 5 of the
differentiation program, reaching a plateau around Day 9
and remaining high through at least Day 14. Therefore,
the onset of the dramatic increase in CaBP expression
coincided with the period of time that antisense ODN
treatment effectively perturbed the process of tropho-
blast differentiation. It is important to note that down-
regulation of CaBP did not completely inhibit the process
of differentiation. This could be due to the partial nature
of the antisense ODN effect. Alternatively, the influence
of CaBP on trophoblast differentiation may occur during
a narrow window of time during the initial upregulation
of CaBP expression. On the other hand, since CaBP
s of reproduction in any form reserved.
d
n
116 Hershberger and Tuanexpression itself is insufficient for completion of the
differentiation program (see above), this finding was not
unexpected.
Downregulation of CaBP Decreases Calcium
Uptake and Calcium Transport in Rcho-1 Cells
The effect of downregulation of CaBP expression on
calcium uptake and transport was not as dramatic as that
observed with the cells overexpressing CaBP. This is prob-
ably due to the fact that only a subset of antisense-treated
cells take up the ODNs, whereas all of the stably trans-
fected cells overexpress CaBP. However, a significant de-
crease in both activities was indeed observed. Once again,
as seen with the experiments on cells overexpressing CaBP,
the level of transcellular calcium transport was altered
more dramatically than cellular calcium uptake. Again, the
results are consistent with the CaBP having a major func-
tion as a molecular calcium shuttle, with also a role as an
intracellular calcium buffer.
It is noteworthy that several other Ca21-binding proteins
have been implicated as regulators of cellular differentia-
tion. Calbindin, which has been extensively studied with
respect to its involvement in intestinal and renal calcium
transport (see reviews by Staun, 1991; Heizmann, 1992;
Wasserman et al., 1992), has been shown to be a regulator of
ifferentiation of specialized tubule segments in developing
ephrons (Davies, 1994). Also, Fujiwara et al. (1997) sug-
gested that calbindin might support maturation of epithe-
lial olfactory cells by stabilizing intracellular calcium lev-
els. Thus, a similar mechanism may operate in CaBP-
expressing trophoblast cells for a higher intracellular
calcium-buffering capacity in cells overexpressing CaBP.
Another Ca21-binding protein implicated specifically in
placental maturation is annexin II, which increases in level
during syncytiotrophoblast differentiation and is found in
placental brush border membrane vesicles (Kaczan-
Bourgois et al., 1996). Finally, calreticulin, the calcium-
binding protein that shares structural homology with CaBP,
has been shown to be involved in the differentiation of
muscle cells (Koyabu et al., 1994; Imanaka-Yoshida et al.,
1996; Tharin et al., 1996). Thus, there are ample precedents
for our proposal that a Ca21-binding protein, such as the
placental CaBP studied here, may act as a regulator of
cellular differentiation, although its mechanism(s) of action
remains to be elucidated.
Taken together, the observations reported here have for
the first time implicated the direct functional involvement
of a Ca21-binding protein in the process of placental calcium
trophoblast calcium transport. In addition, increased CaBP
expression appears to stimulate the process of trophoblast
differentiation. Current ongoing investigations aim to fur-
ther analyze the mechanism of action of CaBP in the
trophoblastic differentiation process.
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